Intracerebral hemorrhage (ICH) has the highest mortality of all stroke subtypes, yet treatments are mainly limited to supportive management, and surgery remains controversial. Despite significant advances in our understanding of ICH pathophysiology, we still lack preclinical models that accurately replicate the underlying mechanisms of injury. Current experimental ICH models (including autologous blood and collagenase injection) simulate different aspects of ICH-mediated injury but lack some features of the clinical condition. Newly developed models, notably hypertension-and oral anticoagulant therapy-associated ICH models, offer added benefits but further study is needed to fully validate them. Here, we describe and discuss current approaches to experimental ICH, with suggestions for changes in how this condition is studied in the laboratory. Although advances in imaging over the past few decades have allowed greater insight into clinical ICH, there remains an important role for experimental models in furthering our understanding of the basic pathophysiologic processes underlying ICH, provided limitations of animal models are borne in mind. Owing to differences in existing models and the failed translation of benefits in experimental ICH to clinical practice, putative neuroprotectants should be trialed in multiple models using both histological and functional outcomes until a more accurate model of ICH is developed.
Introduction
Spontaneous intracerebral hemorrhage (ICH) is a significant cause of morbidity and mortality, accounting for 10% to 20% of all strokes (Feigin et al, 2009 ) and affecting at least 25 per 100,000 people annually. It has the highest mortality of all stroke subtypes (Feigin et al, 2009 ) and < 40% of ICH survivors regain independence (van Asch et al, 2010) . Despite improvements in patient care and better control of hypertension (a major risk factor for ICH), it is remarkable that the incidence and case fatality of ICH have not changed in the last 30 years (van Asch et al, 2010) . The rapid reversal of abnormal coagulation and control of significantly elevated blood pressure are recommended (Morgenstern et al, 2010; National Collaborating Centre for Chronic Conditions, 2008) , but these interventions are only indicated in a small minority of patients. At present, there are no proven pharmacological therapies for ICH, and the role of surgery remains controversial (Mendelow et al, 2005) . As such, ICH represents a major unmet health burden worldwide.
Major progress has been made in the understanding of ICH in the clinical setting, facilitated by modern imaging techniques. Alongside this, experimental ICH studies have revealed some of the cellular and molecular mechanisms underlying ICH and this could not have been achieved in the clinical setting alone. Successful translation of findings between the two settings is vital and there is much to be learned from the widely discussed failure to translate promising findings in experimental ischemic stroke to the clinical setting (Fisher et al, 2009) . This failure has occurred for several reasons, including inadequately powered animal studies often lacking randomization or blinding, and poor modeling not reflecting the true clinical situation (Fisher et al, 2009) ; although there are of course major differences in the pathophysiology of cerebral ischemia and ICH, many of these shortcomings are as applicable to experimental ICH as they are to ischemic stroke models.
In a systematic review of 1,026 neuroprotective strategies for stroke, an inverse relationship between study quality (as determined by adherence to STAIR (Stroke Therapy Academic Industry Roundtable) criteria (Fisher et al, 2009) ) and reported efficacy of treatment was observed (O'Collins et al, 2006) . Further, a recent review of study design quality in experimental cerebrovascular research found flaws in the design, reporting, and statistics of many studies (Vesterinen et al, 2011) ; such deficiencies may contribute to the translational roadblock experienced in experimental stroke (Fisher et al, 2009) . This roadblock has resulted in wasted resources on multiple negative trials and delayed benefits to patients.
Although relatively speaking, translational research in ICH is in its infancy, it is crucial that lessons are learnt from experiences in cerebral ischemia to prevent history repeating itself. If experimental ICH does not accurately reproduce the pathophysiology of clinical ICH, any conclusions reached from such studies may lack clinical relevance. With these factors in mind, this review aims to describe and discuss current approaches to experimental ICH, with suggestions for changes in how this condition is studied in the laboratory.
Clinical intracerebral hemorrhage: what
are we trying to model?
A Heterogeneous Condition with Multiple Etiologies
To model ICH accurately in the laboratory, an understanding of what leads to ICH in humans is important. There are numerous causes, risk factors, and precipitating/contributing factors and each case is usually multifactorial in origin. The major underlying causes include the pathophysiological changes in deep perforating arteries associated with chronic hypertension (which may include lipohyalinosis and microaneurysms), amyloid angiopathy, and vascular malformations such as aneurysms, arteriovenous malformations, and cavernomas (Qureshi et al, 2009 ). Important precipitating/contributing factors may include acute hypertension, abnormal coagulation, and thrombolysis. Amyloid angiopathy increases in incidence with age (Miller et al, 1999) , whereas in young patients with ICH, vascular malformations predominate (Ruiz-Sandoval et al, 1999) . While hypertension is the biggest risk factor for ICH, other risk factors include alcohol consumption, diabetes, the menopause, and cigarette smoking (Feldmann et al, 2005) .
Complications Are Common Following Intracerebral Hemorrhage in Humans
Hematoma expansion is common following ICH in humans ( Figure 1) , even in those with normal coagulation profiles, and correlates with outcome (Brott et al, 1997) . A recent study found hematoma expansion to be present in B73%, and clinically significant in up to 35% of ICH patients within the first 3 hours postictus . Perihematomal edema increases early following clinical ICH (Butcher et al, 2004; Gebel et al, 2002a) , and may be closely related to outcome (Gebel et al, 2002b) , though a larger, more recent study did not find edema to be a predictor of outcome, independent of hematoma size (Arima et al, 2009) . Intraventricular hemorrhage (IVH) occurs in almost half of ICH patients by 24 hours postictus ; the presence of IVH and hydrocephalus are both independent predictors of poor outcome following ICH in humans (Mayer et al, 2005; Mendelow et al, 2005) . Extension of blood into the subarachnoid space can also occur (Qureshi et al, 2001b) , especially with lobar bleeds (Miller et al, 1999) .
A Perihematomal Penumbra
A contentious issue within ICH research is whether an ischemic penumbra (that is, a hypoperfused, functionally impaired, but potentially viable area of tissue) surrounds an intracerebral hematoma (Kirkman, 2011) . This is an important question clinically, as the presence of perihematomal ischemia would favor a role for surgery and argue against blood pressure lowering to prevent hematoma expansion on the grounds that this may exacerbate perihematomal hypoperfusion (Broderick et al, 2007) . Animal studies initially suggested the existence of an ischemic penumbra evidenced by decreased perihematomal blood flow (Bullock et al, 1988; Mendelow et al, 1984) . Several experimental (Qureshi et al, 1999) and clinical studies of small and medium sized hemorrhages utilizing magnetic resonance imaging (Schellinger et al, 2003) , computed tomography Figure 1 Computed tomography (CT) brain scans from an acute intracerebral hemorrhage (ICH) patient at 1.5 hours (A) and 4.5 hours (B) after symptom onset demonstrating early hematoma expansion. Hematoma expansion is a common complication of ICH in the clinical setting and an important therapeutic target but is not well reproduced in experimental ICH.
perfusion (Fainardi et al, 2005; Rosand et al, 2002) , and positron emission tomography subsequently found perihematomal hypoperfusion but no evidence of perihematomal ischemic tissue. It is now thought that these areas of perihematomal hypoperfusion arise as a consequence of decreased metabolic demand as opposed to ischemia, as evidenced by a normal or reduced oxygen extraction fraction in perihematomal tissue measured by positron emission tomography imaging in acute clinical ICH (Schellinger et al, 2003; Zazulia et al, 2001) . In addition, small reductions in blood pressure have no significant effect on global or perihematomal cerebral blood flow (CBF) . The implication is thus that ischemia in the perihematomal tissue does not exist, at least in smaller hemorrhages.
A Note on Clinical Studies and Their Limitations
We have been able to study ICH in humans through postmortem studies, clinical assessments, and access to peripheral blood as well as cerebrospinal fluid (where accessible due to clinical indications). Further, sophisticated noninvasive means of studying the pathophysiology of clinical ICH have been developed over the last few decades-including advanced computed tomography, magnetic resonance imaging, and positron emission tomography. In situations where questions can be reliably answered using these powerful imaging tools and other clinical research methodologies, there should be little that testing the same questions in experimental ICH will add. However, there are some difficulties encountered with the study of ICH in the clinical setting. For example, ICH patients are often critically ill, requiring physiological support, and even if this is not the case, they may be drowsy and confused. Of note, in the acute setting the majority of patients with ICH are unsuitable for magnetic resonance imaging due to medical instability (Singer et al, 2004) . Though sophisticated imaging studies can be successfully performed in such patients (Zazulia et al, 2009 ), this requires a very well set up and staffed service to conduct such research safely and to obtain useable and reliable data. Such difficulties therefore limit what can be achieved in the clinical setting.
Experimental intracerebral hemorrhage: the current situation
Experimental ICH offers the potential to do things that would clearly be impossible in humans-for example, histology in survivors of ICH (except where samples are taken during surgery), the initial testing of novel interventions, gene knockouts, homogeneous experimental groups, and a predictable onset of ICH allowing the hyperacute stage to be prospectively studied. As such, there remains a role for experimental ICH models to help in our understanding of the basic pathophysiological processes leading to the poor outcomes following clinical ICH.
Pathophysiology of Intracerebral Hemorrhage
Much has been learnt about the pathophysiology of ICH from experimental studies in animals. The initial rupture of a blood vessel in ICH leads to hematoma formation, with mechanical trauma to the neurones and glia, and resulting neurotransmitter release, mitochondrial dysfunction, and membrane depolarization (Kim-Han et al, 2006; Qureshi et al, 2001b Qureshi et al, , 2009 ). Secondary (delayed) injury results from the coagulation cascade and hemoglobin breakdown products including thrombin, which precipitates early microglial activation (within 4 hours) . The activated microglia (Wang and Tsirka, 2005) release detrimental substances causing blood-brain barrier (BBB) breakdown, vasogenic edema, and apoptosis in neurones and glia (Aronowski and Hall, 2005; Gong et al, 2001; Qureshi et al, 2003a, b) . These findings have mainly come from experimental ICH studies, but analysis of human perihematomal tissue from surgically evacuated hematomas has confirmed the role of edema, necrosis, apoptosis, and inflammatory cells in ICH (Qureshi et al, 2003b) .
Animal Models of Intracerebral Hemorrhage
The commonest methods of inducing ICH in animals are the injection of either autologous blood or bacterial collagenase into the cerebrum (Table 1) . Other ICH models include balloon inflation (Lopez Valdes et al, 2000; Mendelow, 1993) and cerebral blood vessel avulsion (Funnell et al, 1990 ), but neither is commonly used. Etiology-specific models of ICH related to oral anticoagulant therapy, hypertension, and amyloid angiopathy also exist. Each model mimics different aspects of clinical ICH, including the physical injury caused by an expanding mass within the brain parenchyma, the role of blood components, and hematoma expansion ( Figure 2 ). In addition to various models of ICH, there is a selection of species that these models are used in; however, rodents are the commonest, and the focus of this review.
Autologous blood model:
The autologous blood injection model was one of the earliest ICH models developed. Initially used in rats in the 1980s Nath et al, 1986) , this model was later adapted for use in rabbits (Kaufman et al, 1985) , dogs (Qureshi et al, 2001a) , pigs (Wagner et al, 1996) , and mice (Nakamura et al, 2004b) . Blood is taken from a superficial vessel and stereotactically injected into the brain, usually into the striatum as injections into the cortex are often complicated by SAH (subarachnoid hemorrhage) and thus inconsistent hematoma volumes . However, in clinical practice, many lobar bleeds result in the subarachnoid extension of blood (Miller et al, 1999) . This simple model is clinically relevant as it directly mirrors the rapid accumulation of intraparenchymal blood observed in the clinical setting, and allows for control of hematoma volume (homogeneity). However, in early studies, ventricular rupture and backflow of infused blood along the needle track led to IVH and/or SAH (Yang et al, 1994) , again producing inconsistent hematoma volumes. In addition, extension into adjacent white matter occurred in 25% of animals (Xue and Del Bigio, 2003) .
Double injection, where slow infusion of a small blood volume into the striatum allows blood clotting along the needle track, followed by the remaining blood to generate the hematoma, results in reproducible hematoma volumes (Deinsberger et al, 1996) . In addition, the autologous blood injection model produces a consistent neurologic deficit, brain swelling, and cortical hypoperfusion (Belayev et al, 2003) . Slow injection of 50 mL blood in rodents is equivalent to a 30-mL bleed in humans (Mendelow, 1993; Xi et al, 2001; . Faster injections of larger volumes may lead to raised intracranial pressure, systemic side effects, and direct tissue damage in a larger area than desired. These events often occur in clinical ICH and whether they are desirable in the experimental setting depends on the question being addressed. They may not be ideal when trying to create consistency in an experimental setting (Kingman et al, 1988) but may be important when testing a novel therapy.
Bacterial collagenase model: Injection of bacterial collagenase into the basal ganglia of rats to breakdown the basal lamina of blood vessels was first introduced in the early 1990s (Clark et al, 1998; Rosenberg et al, 1990) . In the collagenase model, bleeding begins around 10 minutes after injection, but develops slowly into a full hematoma 4 to 24 hours later (Rosenberg et al, 1990 ). An advantage of this simple and reproducible model is that the hemorrhage occurs from in situ vessels (Wang and Tsirka, 2005) , and it may imitate hematoma expansion (the bleeding-rebleeding phenomenon). Collagenase injection is simpler than blood injection and not complicated by the backflow of blood along the needle track (leading to IVH±SAH).
Balloon inflation model: Stereotactic insertion and inflation of a needle-mounted microballoon is a mechanical ICH model that has been used in rodents primarily to study mass effect of a hematoma and its removal on brain injury (Lopez Valdes et al, 2000; Mendelow, 1993; Sinar et al, 1987) . The variables of balloon volume and duration of inflation are easily reproducible. The mechanical inflation model causes cell death involving apoptosis 6 to 24 hours following deflation (Nakashima et al, 1999) . This model does not assess the role of blood and its breakdown products on ICH-related injury but is valuable for studying the effects of physical injury in isolation.
Avulsion of cerebral blood vessels: Surface cortical veins can be exposed through craniotomy and avulsed using a bent-tip needle, resulting in cortical hemorrhages (Funnell et al, 1990; Xue and Del Bigio, 2003) .
Translational gaps
The heterogeneity of clinical ICH must be reflected in the experimental setting and potential treatments must be tested at a clinically relevant dose, route and time, and with clinically relevant outcomes. There are several areas where experimental ICH differs from human ICH, and/or where further translational work is required ( Figure 3 ). Each area will now be discussed in turn.
Age and Comorbidity
Both the incidence and mortality of ICH increase with age in humans (van Asch et al, 2010), yet most experimental ICH is conducted in young healthy animals lacking comorbidities. Risk factors for ICH become more common with increasing age, namely amyloid angiopathy (O'Donnell et al, 2000) and chronic hypertension (Ariesen et al, 2003) . When compared with young rats, ICH in aged rats causes more profound neurologic deficits, autophagy, brain swelling, microglial activation, and induction of heat shock proteins (Gong et al, 2004 (Gong et al, , 2011 . Age is an important predictor of functional outcome (Daverat et al, 1991) , and thus likely to be a significant determinant of brain injury, following ICH in humans. Importantly, aged rats exhibit a different quantitative and temporal inflammatory profile compared with their younger counterparts (Wasserman et al, 2008) . It is therefore important that putative neuroprotectants are trialed in aged animals to maximize translatability.
Replicating the clinical milieu in which ICH occurs is likely to be important, as not doing so may have major and unpredictable effects on experimental outcomes. For example, experiments studying deep ICH are often performed in young healthy animals but should be performed in aged, spontaneously hypertensive animals as this subtype of ICH predominates in humans with these risk factors. This pitfall may have led to difficulties in translating promising preclinical findings to clinical trials. Preclinical data suggested recombinant factor VIIa reduces early hemorrhage growth during ICH (Kawai et al, 2006) , corroborated by a phase IIb clinical trial (Mayer et al, 2005) , which confirmed these findings and that of improved neurologic outcomes. However, while a subsequent phase III clinical trial of recombinant factor VIIa confirmed its ability to reduce hematoma growth, it failed to improve survival or functional outcome following ICH (Mayer et al, 2008) . The phase III study identified an increase in serious vascular complications with active treatment, including myocardial infarction. An animal model where comorbidity was reproduced might have identified this, at least in terms of increased mortality, whereas testing in healthy young animals would have been much less likely to reveal this potential problem.
Gender
It is of note that almost all experimental ICH is conducted in male animals, yet the overall incidence in humans is no higher in males (van Asch et al, 2010) . There are two main factors that have influenced this preference for using male animals. The first is the lack of an estrus cycle in males, which potentially reduces experimental variability between subjects. However, even in male rats, the influence of testosterone in experimental stroke appears to be age dependent; castration protects the young and testosterone supplementation protects the middle aged ). The second factor is the contentious issue of estrogen being a neuroprotectant; in humans, the menopause is an independent risk factor for the development of ICH (Feldmann et al, 2005) , but the specific effects of the menopause on ICH-induced injury in females are unknown . It is postulated that estrogen may exert a neuroprotective effect in experimental stroke through decreased oxidative stress, apoptosis, inflammation, regulation of growth factors, and vascular modulation (Strom et al, 2011) . However, when given at the wrong dose and by the wrong route, studies have found estrogen to be neurotoxic, resulting in increased inflammation, excitotoxicity, and oxidative stress (Strom et al, 2011) . Most work on estrogen's neuroprotective role has been conducted using models of cerebral ischemia as opposed to ICH. However, a study of autologous blood injection in male and female mice found female mice to have significantly less brain edema at day 3 post-ICH compared with males (Nakamura et al, 2004b). Interestingly, following systemic administration of 17b-estradiol in male mice, the brain water content at day 3 was also significantly reduced, as was recovery time from the brain injury compared with normal males (Nakamura et al, 2004b) . Similar results have been found in autologous blood injection in rats , suggesting that 17b-estradiol could be a potential therapeutic agent in ICH. It is of note that 17b-estradiol offered no further protection in female rats, suggesting that estrogen levels in female rats are sufficient for maximal neuroprotection. In female rats, the estrogen receptor is involved in limiting injury following ICH . Recent experimental work has identified tamoxifen, a selective estrogen receptor modulator, to have neuroprotective effects although this may be at the expense of a higher risk of developing hydrocephalus (Xie et al, 2011) .
Relatively little attention has been paid to the role of other hormones on outcome following ICH. Recent evidence in male rats suggests that progesterone may reduce perihematomal brain edema and improve functional outcomes and testosterone may be deleterious following ICH (Chen et al, 2011) . It is also of note that little attention has been paid to the effect of gender on the role of coagulation and blood breakdown products in ICH pathophysiology. However, both the coagulation cascade and iron handling differ between the sexes (Nanji et al, 2001) . We do know, however, that estrogen protects against ironinduced cell death in vitro and brain edema in vivo (Gu et al, 2010) . Further work is required to explore the underlying basis for gender differences in outcome following ICH-mediated injury, and to clarify the roles of estrogen and progesterone as putative neuroprotectants.
Species
Mice and rats are the mainstay of modeling in ICH (Clark et al, 1998; Sinar et al, 1987) , although models in the pig (Mun-Bryce et al, 2001; Shi et al, 2010) , dog (Coulter and Gooch, 1993; Wu and Zhong, 2010) , cat (Kobari et al, 1988; Plotnikov et al, 1984) , rabbit (Kaufman et al, 1985; Thai et al, 2006) , baboon (Del Zoppo et al, 1986) , and primate (Bullock et al, 1988) also exist. Advantages and disadvantages of the different species in modeling ICH are highlighted in Table 2 . Generally speaking, larger animals such as dogs and monkeys are best for neurophysiologic and surgical studies, but are expensive to house. Rodents have the advantage of being the most commonly used species, with a vast array of reagents for immunohistochemistry and molecular biology, well-developed paradigms for testing functional outcomes, and the potential for transgenic and knockout animals for study (Wagner, 2007) . The main disadvantage of rodents is their paucity of white matter relative to humans (Fisher et al, 2009 ). Thus, the optimal species of animal chosen for any given experiment depends on the question that requires an answer. However, as per the STAIR guidelines (Fisher et al, 2009) , multiple species should be used in assessing putative neuroprotectants to ensure their validity.
Multiple Models for Multiple Etiologies
Outcomes following ICH vary depending on cause and location of ICH within the brain. Different causes tend to favor certain locations, such as lobar ICH in amyloid angiopathy and deep ICH in hypertensive bleeds. This heterogeneity in clinical ICH needs to be acknowledged in the design of experimental ICH studies, and the testing of potential treatments in several different models designed to closely mirror the 'typical case' that is seen with each common cause of ICH seems warranted. Although the final common event in ICH is extravasation of blood into the brain parenchyma, the underlying cause can have a major impact on subsequent events. For example, there is pathological evidence that small vessels adjacent to the site of initial vessel rupture may also be damaged and bleed due to physical stresses (Takebayashi and Kaneko, 1983 ). If ICH is induced in animals without hypertension, will similar changes occur?
There has been a move toward the development of models that more correctly replicate the different underlying etiologies of ICH, including hypertension, oral anticoagulant therapy, and amyloid angiopathy. While the final common pathway of all these models is blood in the brain, the adoption of different models allows the corroboration of any findings. This may prevent the expense associated with a therapy deemed promising in one ICH model later disappointing at the clinical trial stage. Three etiology-specific ICH models are described below.
Hypertensive intracerebral hemorrhage: Limited progress in understanding the pathophysiology of spontaneous ICH is in part because current models do not accurately mimic spontaneous ICH in hypertensive humans (NINDS ICH Workshop Participants, 2005) . While stroke-prone, spontaneous hypertensive rats are useful for studying stroke, they tend to develop ischemic stroke and, when hemorrhage occurs, this is usually secondary to hemorrhagic transformation of an infarct (Sadoshima et al, 1981) . In humans, chronic hypertension is a major risk factor for ICH, and recent evidence suggests that development of an acute hypertensive episode superimposed on chronic hypertension may trigger ICH, possibly through activation of the reninangiotensin and sympathetic nervous systems (Metoki et al, 2006; Vaughan and Delanty, 2000) . A new model of ICH in hypertensive mice has thus been proposed (Wakisaka et al, 2010) . Incorporating AngII (angiotensin II) and L-NAME (an inhibitor of nitric oxide synthase) in drinking water produces chronic hypertension, and giving injections of either AngII or noradrenaline creates further acute rises in systolic blood pressure. Despite noradrenaline resulting in larger blood pressure surges, AngII injections were more likely to cause spontaneous ICH, perhaps secondary to AngII-mediated oxidative stress, resulting in increased matrix metalloproteinase-9 and alteration of cerebral blood vessel matrices (Wakisaka et al, 2010) . Oxidative stress is a recognized contributor to vascular injury in hypertension (Heistad, 2006) . In this hypertensive ICH model, distribution of ICH location is similar to hypertensive humans-with the basal ganglia, thalamus, brain-stem, cerebellum, and cerebral cortex predominating . Inhibition of the renin-angiotensin system is therefore a potential target in preventing spontaneous ICH in hypertensive patients.
Oral anticoagulant therapy-associated intracerebral hemorrhage: The increasing incidence of atrial fibrillation, partly a reflection of the aging population, will lead to increased use of oral anticoagulants (typically warfarin, at present) in ischemic stroke prevention, and increased OAT-ICH. Although newer direct thrombin inhibitors may reduce the use of warfarin, their lack of an antidote (with the exception of dabigatran) makes further research on anticoagulant-associated hemorrhage even more important. Oral anticoagulant therapy-ICH carries a short-term mortality rate of over 50% that has failed to improve with time (Aguilar et al, 2007; Sjoblom et al, 2001) . Of note, rebleeding is commoner in OAT-ICH compared with ICH in the setting of normal coagulation (Flibotte et al, 2004) . Since coagulation cascade activation and thrombin production are important steps in cellular damage and disruption of the BBB following ICH, it seems logical that OAT-ICH will result in a different tissue response than spontaneous ICH as hematomas may contain noncoagulated blood (Levine et al, 2007; Xi et al, 2006) . A new model of OAT-ICH incorporates water-soluble warfarin into mouse feeding bottles (Foerch et al, 2008) . Once coagulation assays are within the human therapeutic range, ICH is induced using bacterial collagenase. Surprisingly, only one of the 66 mice developed SAH, despite impaired coagulation. Anticoagulation with warfarin increased the hematoma volume at 24 hours by 2.5-fold relative to nonanticoagulated mice (Foerch et al, 2008) , and a temporal increase in hematoma growth was observed, suggesting that this model may be useful for studying the rebleeding phenomenon. Treatment with prothrombin complex concentrate after 45 minutes successfully reduces hematoma volume (Foerch et al, 2009 ). More work is required to address whether differences between the pathophysiology of OAT-ICH and spontaneous ICH exist in terms of neuronal death, edema formation, BBB damage, and inflammation. In addition, while more work is needed to fully validate this model, the creation of a more refined model of OAT-ICH that does not rely on collagenase injection is also required.
Amyloid angiopathy-associated intracerebral hemorrhage: Cerebral amyloid angiopathy (CAA) is characterized pathologically by the deposition of extracellular congophilic b-amyloid in leptomeningeal and cerebral cortical vessels. Its incidence rises with increasing age and is associated with Alzheimer's disease (Miller et al, 1999) . Clinically, it most commonly presents with lobar ICH, often extending into the subarachnoid space and ventricles (Miller et al, 1999) . The first transgenic mouse model of CAA was reported in 2001 (Winkler et al, 2001) . The model correctly mimics the age-related increase in CAA frequency and severity. In the first study utilizing this model, spontaneous hemorrhages were found in aged transgenic (APP23) mice with CAA but not the aged control mice, suggesting that CAA is the driving force for vessel rupture and hemorrhage (Winkler et al, 2001) . There are, however, some drawbacks to this model. Although the model most commonly results in CAA and hence hemorrhage in the lobar region, in keeping with the clinical situation, thalamic CAA is found much more commonly in the model than in humans, and vice versa for cerebellar CAA. Overall, however, this model represents an important development in the study of CAA-associated ICH, a common cause of lobar ICH in the elderly.
Experimental Factors
There are several factors inherent in the process of the experimental setup of current ICH models that affect the outcomes observed following ICH in animals.
Mimicking spontaneous vessel rupture and hematoma expansion: In the clinical setting, ICH results from spontaneous blood vessel rupture (Qureshi et al, 2001b) . Clearly, autologous blood injection does not mimic spontaneous rupture and the time taken to reach the desired hematoma volume is significantly shorter than the development of spontaneous ICH in humans (Rosenberg et al, 1990) . Further, as autologous blood injection does not emulate small vessel rupture often seen in human ICH, it cannot be used to evaluate microvascular breakdown effects (James et al, 2008) . The collagenase model and cerebral blood vessel avulsion model do give rise to ICH from in situ vessels, but both models have drawbacks. For example, the injection of collagenase has been postulated to result in an exaggerated inflammatory response, as discussed in section Minimizing excess inflammation. The cerebral blood vessel avulsion model induces ischemic infarction in addition to ICH, making it of doubtful clinical relevance and rendering comparisons with the other models of ICH difficult.
As described above, hematoma expansion is common following ICH in humans and adversely affects outcome. The autologous model is not characterized by hematoma expansion (Broderick et al, 1990) , but the collagenase injection model is. Given that such expansion occurs and is clinically significant in up to 35% of ICH patients in the first 3 hours, it is important that this is taken into consideration when evaluating any data from experimental ICH.
Minimizing excess inflammation:
The presence of excessive inflammation in the collagenase and autologous blood injection models compared with human ICH is widely disputed. It was initially thought that collagenase injection into the brain parenchyma might be directly toxic or result in an exaggerated immune and thus inflammatory response different from the mechanism producing human ICH (Del Bigio et al, 1996; Xue and Del Bigio, 2003) . However, in vitro studies of inflammation and apoptosis simultaneously utilizing both autologous blood and collagenase models argue against this (Chu et al, 2004; Matsushita et al, 2000) . In fact, recent evidence suggests that postictal inflammation is more exaggerated in the autologous blood injection model, especially in rats, as a result of hemoglobin crystallization, which is strongly chemotactic for neutrophils (Kleinig et al, 2009 ). In humans, hemoglobin only crystallizes if structurally abnormal, but hemoglobin crystallizes in most rat brains when ICH is induced using either the autologous blood or collagenase injection models, most markedly in the autologous blood injection model (Kleinig et al, 2009) . Hemoglobin also crystallizes to a lesser degree in mice (Berman, 1967) . Although crystallization could be minimized by heparinization, heparin antagonizes thrombin-a known mediator of secondary injury following ICH . It is thus pertinent that the potential for excess inflammatory response in the experimental setting is accounted for when looking at outcome data.
Replicating arterial bleeding: Most studies using the autologous blood injection ICH model have delivered intracerebral blood at a fixed flow rate (e.g., 10 mL/min). Early work involved intracerebral injection of blood at a fixed pressure of 100 mm Hg, corresponding roughly to the typical mean arterial pressure observed in the setting of human ICH Nath et al, 1986) . One may assume that in ICH blood indeed extravasates at a rate determined by the cerebral perfusion pressure as opposed to a fixed flow. As such, flow is very likely to be greater initially and fall as increasing ICP reduces cerebral perfusion pressure. Work is therefore needed to compare whether fixed pressure or fixed flow more accurately replicates the human condition, and it would be useful to compare both methods in terms of histological and functional outcomes.
Minimizing physical damage caused by needle injection: In addition to these limitations, the extent of physical injury to the brain tissue induced through direct intraparenchymal injection with the metal needles currently used in experimental ICH models is significant (McCluskey et al, 2008) . A study using a glass microneedle (tip diameter < 50 mm) to inject both interleukin-1 and vehicle intracerebrally resulted in less mechanical injury, BBB breakdown and recruitment of neutrophils compared with a 26G (tip diameter B460 mm) metal Hamilton syringe (Hamilton, Carnforth, UK) (McCluskey et al, 2008) . It therefore follows that use of a glass microneedle should be tested in experimental ICH models.
Effect of anesthesia and surgery: Anesthesia is essential for conducting experimental ICH, yet its use may alter the molecular environment and treatment response in an uncontrollable manner (Qureshi et al, 2009; Xi et al, 2006) . For example, a study comparing bone marrow response to experimental stroke, sham surgery, and administration of isofluorane alone found systemic inflammatory changes and leukocyte responses in the bone marrow to be markedly affected even with isofluorane alone (Denes et al, 2011) . The effect of isofluorane on various leukocyte populations occurs early within the first 20 to 30 minutes of anesthesia (Denes et al, 2011) . While use of anesthesia is unavoidable in experimental ICH, this study highlights the need to account for the role of surgery and anesthesia when interpreting any results derived from such studies.
Anesthetic agents are generally considered to be neuroprotective as they reduce the metabolic rate and oxygen requirements of the central nervous system (Harvey and Paddleford, 1993) . Inhalational anesthetics produce a generalized reversible CNS depression but the mechanism by which this is brought about is unknown. Anesthetics can also interact with putative neuroprotectants to improve apparent efficiency of the agent under investigation (Macleod et al, 2005) . However, some induce apoptosis of neurones and are hence neurotoxic (Ikonomidou et al, 1999) . Many variables influence the effect of an anesthetic on an individual. For example, the distribution and hence physiological impact of lipid-soluble anesthetics will vary according to fat content differences between species and also among different animals within species. Each anesthetic has its own side effect profile, which should be considered when undertaking experimental ICH (Table 3) .
Temperature commonly decreases following anesthesia in small animals, principally due to their high surface area-to-body mass ratio making thermo- Increased CBF and oxygen requirements CBF, cerebral blood flow; CNS, central nervous system; EEG, electroencephalogram; ICH, intracerebral hemorrhage; ICP, intracranial pressure. Source: Harvey and Paddleford, 1993; Karwacki et al, 2005 Karwacki et al, , 2006a Kiyatkin and Brown, 2005 .
Experimental intracerebral hemorrhage regulation difficult. The use of unwarmed anesthetic gases exacerbates this problem (Haskins and Patz, 1980) . Cooling can be profoundly neuroprotective (van der Worp et al, 2007) , and the mechanism of action of a putative neuroprotectant itself may be related to a hypothermic process, as is thought for clomethiazole (Visser et al, 2005) . In humans, however, hyperthermia is common following ICH and duration of fever is an independent prognostic indicator (Schwarz et al, 2000) . Even mild hypothermia can reduce perihemorrhagic edema following ICH in humans (Kollmar et al, 2010) . As such, any evaluation of a putative neuroprotectant should account for the effect of temperature changes on outcome.
Role of physiological monitoring: In addition to temperature, blood gas concentrations (Zausinger et al, 2002) and pH (Anderson and Meyer, 2002) also influence outcome following experimental stroke. Further, increases in blood pressure are associated with improved blood flow and oxygen metabolism (Shin et al, 2008) . Anesthesia affects mean arterial pressure, arterial pO 2 and pCO 2 , and venous flow, all of which in turn influence CBF. This highlights the importance of physiological monitoring during experimental ICH to minimize the undesirable effects of anesthesia. Monitoring of physiological parameters should be commenced in the preoperative period with baseline physiological measurements before anesthetic administration, and continue through to the postoperative period. Preoperative parameters to be measured include animal weight, temperature, heart rate, blood pressure, respiratory rate, and quality of respiratory effort. Intraoperative parameters may include heart rate, blood pressure, temperature, blood gas analysis, electrocardiogram, and electroencephalogram activity. Some recommend the measurement of both rectal and cranial temperatures (Busto et al, 1989) , although there has been excellent correlation between the two with isofluorane anesthetic (R 2 = 0.9996) (Zhu et al, 2009 ), suggesting that invasive brain temperature monitoring is unnecessary.
The measurement of CBF can be used to monitor cerebral ischemia, seizures, and the effect of drugs on CBF; although, as earlier described, true ischemia is not thought to occur in ICH unless the hematoma is of significant size . Through real-time monitoring not only can the presence of a cerebral injury be confirmed but also the period of which there is reduced or absent blood flow can be quantified. A drawback of CBF monitoring is that it requires placement of a probe necessitating a larger burr hole having to be drilled. In an ideal situation, we could monitor real-time changes in blood pressure, blood pH, anesthetic concentration, and partial pressures of O 2 and CO 2 , to ensure that changes in values were brought about by ICH and not the experimental setup itself.
Pathophysiology
No current model perfectly mimics human ICH (James et al, 2008) , and notable pathophysiological differences exist between the models themselves (NINDS ICH Workshop Participants, 2005) . Interestingly, a study comparing cell death and inflammation following ICH in the autologous blood, collagenase, and cerebral vessel avulsion models demonstrated similar temporal profiles of cell death, inflammatory cell infiltration, and microglial reaction (Xue and Del Bigio, 2003) . However, there are quantitative histological differences between the models. For example, the cerebral blood vessel avulsion model demonstrates more necrosis, less hemorrhage (Xue and Del Bigio, 2003) , and less neutrophil infiltration than both the autologous blood and collagenase injection models.
When comparing just the autologous blood and collagenase injection models, further differences arise; perihematomal neutrophil infiltration is more prominent in the collagenase model than the autologous blood injection model (Rosenberg et al, 1990; Del Bigio, 2000, 2003) . The development of cerebral edema has a stronger temporal association with neurologic deterioration in the autologous blood injection model compared with the collagenase model, and is slower and more protracted in human compared with experimental ICH (Butcher et al, 2004; Gebel et al, 2002a; Hua et al, 2003; Qureshi et al, 2009; Rosenberg et al, 1990; Yang et al, 1994) -as is red cell resorption (Butcher et al, 2004; MacLellan et al, 2008; Xi et al, 2006) . Further, when matched for hematoma size, the total loss of brain tissue can be twice as much in the collagenase model compared with the blood injection model (MacLellan et al, 2008) . All of these differences suggest the need for the trialing of putative neuroprotectants with multiple models and outcome measures.
Outcome Measurement
An important aspect of designing experimental ICH studies is deciding which outcomes are relevant for assessment. The main outcomes assessed by ICH models include mortality, behavioral and functional outcomes, hematoma and perihematomal edema growth, neuroinflammation, changes in CBF and intracranial pressure, and extent of apoptosis. Hematoma volume, subsequent enlargement, and associated cerebral edema are strongly associated with outcomes in human ICH (Qureshi et al, 2009) . Are these therefore the outcomes most relevant to the human condition? The STAIR Preclinical Recommendations indicate that both histological and behavioral outcomes should be assessed, with multiple end points and continuing assessment for at least 2 to 3 weeks postictus to demonstrate sustained benefit (Fisher et al, 2009 ). However, the methods used to assess functional recovery in animals are crude compared with those used in the clinical setting.
In addition, most clinical and experimental studies looking at stroke recovery mechanisms are focused on ischemic stroke and hence use cortical injury assessments, whereas the striatum is the commonest injury site in ICH overall (MacLellan et al, 2011) .
There is evidence to suggest poor correlation between functional and histological outcomes in different models of ICH. For example, when comparing the two commonest ICH models (autologous blood injection and collagenase injection) in a trial of therapeutic hypothermia, bleeding, tissue loss, and functional recovery differed between the two models (MacLellan et al, 2010) . Further, in a trial of enriched rehabilitation, functional outcomes (assessed through a reaching task) in rats undergoing both autologous blood-induced ICH and collagenaseinduced ICH were improved, but the former model resulted in no changes in lesion volume or contralateral dendritic morphology (MacLellan et al, 2010 (MacLellan et al, , 2011 . Ongoing cell death observed in the collagenase model (MacLellan et al, 2008 ) is a potential target for neuroprotective agents and rehabilitation therapies (MacLellan et al, 2011) . However, we know very little about the extent to which delayed cell death (in the order of days, weeks, or longer) occurs in human ICH-a sequential imaging study could help answer this (MacLellan et al, 2011) . These data suggest that recovery methods vary between ICH models and highlight the need for testing of putative neuroprotectants in multiple models of ICH, utilizing both relevant functional and histological outcome measures, before progressing to clinical trials.
Recovery Following Intracerebral Hemorrhage
It is of note that spontaneous functional recovery is observed in clinical and experimental stroke (Cramer, 2008) . Rodents demonstrate remarkable plasticity and functional recovery in the weeks following ICH STAIR, 1999) , but little is known as to whether this recovery results from neurogenesis, restoration of function to ipsilateral neurones, or the assimilation of new functions by ipsilateral or contralateral neurones ). Even less is known about the mechanisms of recovery following ICH in humans, and most survivors retain motor or cognitive deficits; recovery following ICH can be protracted due to the slow resolution of an untreated hematoma, secondary medical complications, and perceptions of poor prognosis that leads to the withdrawal of support for patients (Zahuranec et al, 2007) . Correlations between neurogenesis and functional improvements exist following experimental ICH, but it is not known whether the two are directly related. It is of note that young and aged rats exhibit identical temporal recovery profiles (Gong et al, 2004) , suggesting that the worsened functional and pathophysiological outcomes observed in the latter group are due to aging rather than impairments in plasticity. While thrombin is a well-established mediator of secondary injury following ICH, there is now evidence that it has a role in brain recovery following ICH-affecting angiogenesis, neurogenesis, and plasticity . Further knowledge of the mechanisms underlying brain recovery following ICH will facilitate the development of neuroprotective therapies.
Rehabilitation following stroke is important for brain recovery and promoting plasticity. There were concerns regarding rehabilitation during the acute phase of ICH and the possibility of precipitating hematoma expansion, but in a rat model of ICH early treadmill training (24 hours following ICH) was found to be safe and promoted motor recovery (Park et al, 2010) . However, further studies are needed to validate this finding for translation into clinical practice.
Clot Removal
Important prognostic indicators following ICH include hematoma size and duration of exposure of the brain to blood, the latter due to the release of toxic products from the hematoma including thrombin, and the lysis of extravasated erythrocytes releasing hemoglobin, heme, and iron. There has thus been a great research thrust (both clinical and experimental) toward early hematoma removal in an attempt to improve outcomes. In humans, a large randomized controlled trial comparing early surgery and conservative management for spontaneous supratentorial intracerebral hemorrhage (the STICH trial) found no overall benefit for surgery (Mendelow et al, 2005) ; post hoc subgroup analysis found benefit for those with superficial lobar ICH, and thus a further trial in this subgroup is currently underway (STICH II). Since open craniotomy has inherent risks in terms of recurrent bleeding and neural damage (Qureshi et al, 2009) , minimally invasive techniques of clot evacuation have become increasingly popular.
There is evidence from porcine (Wagner et al, 1999) and rabbit (Wu et al, 2011a ) ICH models of decreased tissue injury, BBB opening, and edema and hematoma volumes through minimally invasive clot aspiration and thrombolysis. A recent clinical randomized controlled trial showed benefits of stereotactic evacuation over conventional craniotomy in terms of functional outcomes and postoperative complications (Zhou et al, 2011) , and a further randomized clinical trial (the Minimally Invasive Surgery plus Tissue Plasminogen Activator for Intracerebral Hemorrhage Evacuation, MISTIE trial) is currently ongoing. There is thus mounting evidence for a beneficial role of minimally invasive clot removal with thrombolysis and we await the results from the MISTIE trial.
Future directions
The optimal ICH model should be simple to create, permit the formation of reproducible volumes of hemorrhage, and induce hemorrhage with mechanisms reliably mirroring the clinical situation.
In addition, this model should be able to produce ICH in different regions of the brain without altering the model drastically, and be financially viable as well as reproducible between different researchers and different laboratories. Further, it should be one in which the hemorrhagic event could be triggered on demand. The ideal model would allow consistency in the study of lobar localization, ventricular extension, vessel rupture, and the rebleeding phenomenon or continued hemorrhage. It would also help ascertain the impact of ICH on surrounding tissues, including local cerebral edema and hemispheric swelling (NINDS ICH Workshop Participants, 2005) . The important issue of rebleeding or continued bleeding post-ICH has yet to be thoroughly studied in an animal model (NINDS ICH Workshop Participants, 2005) .
Since rodent models of ICH focus on gray matter injury, there is a need for more use of models that involve both gray and white matter brain injury-such as primate and swine models, which incorporate larger quantities of white matter.
The development and evaluation of neuroprotectants in stroke should be subject to rigorous evaluation along with recommendations from multiple sources (Corbett and Nurse, 1998; Dirnagl, 2006; Fisher et al, 2009; Gladstone et al, 2002; Stroke Therapy Academic Industry Roundtable, 1999) . The recent development of the ARRIVE (Animal Research Reporting In Vivo Experiments) guidelines should improve the quality and reporting of animal studies (Kilkenny et al, 2010) . Importantly, functional outcomes are a vital measure, as reductions in cell death, hematoma, or edema do not necessarily translate into improved recovery-the clinical end point of paramount importance (Corbett and Nurse, 1998; Stroke Therapy Academic Industry Roundtable, 1999) . Also important is the consideration of negative as well as positive findings, while accounting for differences in ICH models used and effect sizes.
There is overwhelming evidence in young and old animals from several species of the ability of iron chelator desferrioxamine to reduce neurologic injury and improve functional recovery following ICH Hua et al, 2006; Huang et al, 2002; Nakamura et al, 2004a; Okauchi et al, 2009; Song et al, 2007; Wan et al, 2006 Wan et al, , 2009 Wu et al, 2011b) . This remains the most promising putative neuroprotectant, having advanced to clinical trials (Selim, 2009 ) with a phase II currently underway. However, as already described, the translation of other compounds deemed promising from preclinical animal stroke into clinical practice has posed challenges. Collaboration between different laboratories performing preclinical studies, perhaps in a manner akin to a multicenter clinical trial, would ensure more robust and standardized methodologies allowing easy replication, as well as more data with more accurate findings. The ultimate aim of this would be to minimize potential sources of bias by randomization, concealment of allocation, blinding of surgery, and outcome assessment, and to ensure publication of all data (positive and negative). Although initially costly, this may indeed work out less expensive than running another clinical trial for a therapy that subsequently disappoints.
Conclusions
Intracerebral hemorrhage is a devastating condition that, despite significant advances in our understanding of the pathophysiology, still lacks any effective treatment and an animal model that accurately replicates the underlying mechanisms of injury. Available models simulate different aspects of ICH-mediated injury. Newly developed models, notably hypertension-and oral anticoagulant therapy-associated ICH models, offer added benefits but further study is needed to fully validate them. In addition, there are modifications that can be made to existing ICH models to improve their validity, as discussed in this article.
Despite advances in imaging over the past few decades, as long as the limitations of animal ICH models are borne in mind there is an important role for experimental ICH models in helping further our understanding of the basic pathophysiologic processes underlying ICH. The model chosen by researchers very much depends on the question requiring an answer. Owing to the differences in existing models and the failed translation of benefits in experimental ICH to clinical practice, until a more accurate model of ICH is developed putative neuroprotectants should be trialed in multiple models using histological and functional outcomes.
Literature search strategy and selection criteria
The references used in this review were obtained from searches of PubMed, MEDLINE, and Ovid between the time frame of January 1966 and May 2011. We used different combinations of the following search terms: 'intracerebral hemorrhage', 'animal model ', 'experimental', 'inflammation', 'translational', 'hypertension', 'warfarin', 'anticoagulant', 'amyloid angiopathy', 'rat', 'mice', 'species', 'outcome', 'age', 'anesthesia', 'surgery', 'autologous blood', and 'collagenase' . In addition, articles were identified from the reference lists of articles, resulting from the literature search. Only papers written in English were reviewed. We selected papers for inclusion in the final reference list based on their methodological quality and importance to the topic at hand.
